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Abstract 
Leaching of cement-based materials changes its properties such as a reduction in pH, an increase in 
porosity and transport properties and a detrimental effect on properties related to long-term durability. 
Therefore, a better understanding of leaching process is important including the relevant long-term 
effects for concretes used in waste disposal systems. However, the decalcification process is not easy 
to capture because it is extremely slow. In this study, an ammonium nitrate (NH4NO3) solution of 6 
mol/l was used to accelerate the leaching kinetics. The experiments were performed on cement paste 
samples with different water/powder and limestone filler replacement ratios. The change of sample 
mass over time was monitored, and the amount of calcium ion leached out during the test was deter-
mined. Different post-analysis techniques like SEM, MIP and N2-adsorption were used to characterize 
the microstructural changes, while the degraded front was determined by phenolphthalein spraying. 
The effect of accelerated leaching on transport properties was studied by measuring the change in 
water permeability. 
Results show that (i) NH4NO3 solution is an aggressive but suitable agent to be used to accelerate 
the Ca leaching in cementitious materials while still keeping the “nature” of leaching; (ii) the square-
root-time law of degradation is applicable under accelerated conditions; (iii) the porosity of the 
leached samples increases significantly and the critical pore size is shifted to larger radius; and (iv) 
the BET specific surface area of the leached sample is also significantly increased. These changes 
result in a significant increase in water permeability. 
 Introduction 
Calcium leaching causes a change in cement mineralogy which results in a pH decrease [1].This has a 
detrimental effect on the mechanical properties and may induce rebar corrosion (although corrosion is 
at higher risk during chloride ingress and atmospheric carbonation) all effecting durability aspect of 
engineered structures as bridges, dams, water tanks etc. However, calcium leaching is an extremely 
slow process with a leaching front progression of a few mm in hundreds of years under natural condi-
tions [2]. As such, it is not a critical degradation process for “daily” applications of concrete. Howev-
er, this is no longer true when we can consider the use of concrete disposal of radioactive waste, in 
which concrete is used or chemical containment of the waste for very long time. Other properties, 
such as the chemical environment (contributing to sorption or (co-)precipitation) or flow and transport 
properties, are of utmost importance. 
In order to study the long-term evolution of microstructural and transport properties of concrete 
during calcium leaching, an accelerated leaching experiment is a relevant approach to better under-
stand the effects caused by the leaching phenomenon on microstructure and transport properties. 
Acceleration is also a good way to verify prediction models. A variety of accelerated methods have 
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been proposed applying an electrical field [3], using deionized water [4, 5], using low pH solutions [6, 
7] or applying flow- through conditions [8]. One of the most popular methods is leaching under diffu-
sion-controlled conditions with an ammonium nitrate solution as a boundary solution. The NH4NO3 
solution does not only accelerate the leaching process by its low pH, but also because it significantly 
increases the solubility of leachable phases in the cementitious matrix, mainly porlandite (CH) and 
the calcium silicate hydrates (C-S-H) as: 
Ca(OH)2 + 2NH4NO3 Æ Ca(NO3)2 + 2NH3(aq) + 2H2O  (1) 
CxSyHz + 2NH4NO3 Æ Cx-1SyHz-1 + Ca(NO3)2 + 2NH3(aq) + 2H2O 
Cx-1Sy-1Hz-1 +2(x-1)NH4NO3Æ(y-1)SiO2 +(x-1)Ca(NO3)2+2(x-1)NH3(aq)+(z+x-2)H2O (2) 
NH3(aq) Æ NH3(g)        (3)  
Because calcium nitrate is a very soluble salt, the Ca concentration in the pore solution highly in-
creases. Furthermore, NH3 escapes from the system which imposes irreversible reactions to the right 
and continuously prevents the system to reach equilibrium. 
Previous studies focused on the prediction of the degraded depth of leached materials via simpli-
fied models [9, 10] or the experimental characterization of changes in mechanical behavior [11, 12]. 
A few studies described microstructural alterations after leaching [10, 11] and the effects of leaching 
on transport properties [13, 14]. This study aims at establishing relationships between microstructural 
alterations and permeability changes after leaching of hardened cement paste. This is done by means 
of imposing an aggressive environment (NH4NO3) to the cement and examining leached samples by 
quantitative and qualitative analyses. The microstructural characterization was performed using sev-
eral post-analysis techniques including Scanning Electron Microscopy (SEM), Mercury Intrusion 
Porosimetry (MIP) and Nitrogen adsorption method (BET). The degraded front was determined by 
phenolphthalein spraying, while the effect of accelerated leaching on transport properties was studied 
by measuring changes in water permeability by the method proposed in [15]. 
2 Accelerated leaching experiments 
2.1 Materials 
Experiments were performed on cement pastes with two water/cement ratios of 0.325 (series S1) and 
0.425 (series S2). A full characterization was only performed on series S2. Type I ordinary Portland 
cement (CEM I 52.5 N) was used. The cement has Blaine specific surface of 4350 cm2/g and density 
of 3.10 g/cm3. Table 1 gives a summary of the chemical properties. Ammonium nitrate, NH4NO3, 
solution 6 mol/l was used to accelerate the leaching process. 
Table 1 Chemical composition and some properties of the cement CEM I 52.5 N (as provided by 
the manufacturer) 
CaO SiO2 Fe2O3 Al2O3 Sulphate SO3  C3A 
63.0% 20.0% 3.0% 5.0% 2.9% 7.0% 
Chromium(VI) Cl- Na2O eq. Loss on ignition Insoluble residue 
<0.0002% 0.06% 0.85% 1.60% 0.50% 
2.2 Test setup 
Cement paste is poured in a cylindrical PVC tube with inner diameter of 97.5 mm. The sample is then 
rotated for 24 hours to prevent segregation [15]. Afterwards, the sample is cured in sealed condition 
in a controlled temperature room (22oC± 2oC) for 27 days. 28-day-cured cement paste is sawed into 
25-mm thick slices. In order to study one dimensional leaching (along central axis), the PVC cover 
remained on the surrounding side of the cement paste slice. Additionally, epoxy resin is poured to fill 
the gap (if present) between the PVC cover and the cement paste as shown in Fig. 1 (left). In such 
way radial leaching is prevented. 
The cement slices are saturated in saturated lime solution to avoid leaching before starting exper-
iments following the procedure given in [15]. The saturated cement slices are immersed in ammoni-
um nitrate solution chambers with a capacity of 1.2 liters of solution. The ratio between NH4NO3 
solution over the contact surface area of sample is 8 cm3/cm2. This factor is chosen to ensure that the 
pH of solution is always lower than 9.25. When a higher pH values are reached, the solution needs to 
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be changed to maintain leaching acceleration [16]. The renewal of solution is avoided because the 
solution is used for Ca quantitative analysis. Fig. 2 shows that the pH evolves during the experiment 
to stable values of about 9 after a few days. 
Nitrogen is injected into the system to prevent carbonation during leaching (Fig. 1, right). The so-
lution is homogenized by a magnetic stirrer. The released nitrogen and ammonia resulting from 
NH4NO3 - cement paste reactions escape via a bubbler. There is a sampling line to extract solution for 
further analysis and follow up the pH of solution. The entire setup consists of 3 NH4NO3 chambers 
which allow simultaneous execution of three experiments. Reference samples are prepared from the 
same batch of cement pastes and kept under the same conditions except for immersing in ammonium 
nitrate solution. 
Fig. 1 Preparation of cement paste slice for accelerated leaching in ammonium nitrate 6 mol/l 
solution (left) and test setup of accelerated leaching using NH4NO3 solution – 1 - Magnet-
ic stirrer, 2 - NH4NO3 vessel, 3 - Nitrogen line, 4 - Sampling line, 5 – Bubbler (right) 
Fig. 2 pH evolution of surrounding solution over testing time – sample w/c = 0.425 (S2) 
3 Qualitative and quantitative analyses of degraded cement paste 
3.1 Degraded depth 
The leaching tests are stopped after 7, 14, 21 and 28 days to examine progression of the degraded 
depth. The leached samples are cut into hemispherical parts and sprayed by a phenolphthalein solu-
tion to determine the degraded depth [17]. It is worth noting that exposed surface should be properly 
cleared after sawing to avoid contamination leading to an incorrect degraded depth measurement. 
Alternatively, fresh exposed surface can be prepared by axially breaking the sample using a hammer. 
Note that phenolphthalein indicator only roughly quantifies the leached zone and cannot detect de-
graded area with pH values of higher than approximately 9.  
In order to quantify the amount of calcium leached out from the sample, a sample of the surround-
ing solution is taken every seven days up to the end of the experiment. The Ca concentration is de-
termined by ion chromatography (IC). Prior to measurement, the solution is filtered through a 0.45 
μm syringe filter, and then diluted 1:1000 with milli-Q water. Measurements are performed on both 
series S1 and S2. 
3.2 Microstructural changes 
The changes in microstructure of the leached samples are examined via MIP (overall porosity and 
pore size distribution - PSD), nitrogen adsorption (BET specific surface area and PSD) and SEM-
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EDX (structural information and chemical composition). The measurements are performed on both 
reference and degraded samples. 
Dried samples are required for these techniques. In order to minimize the influence of drying pro-
cess on the microstructure of the samples, freeze drying is chosen to prepare samples for MIP and 
nitrogen adsorption measurements. By freeze drying, water crystals sublimate preventing micro 
cracks generation because of capillary stress generation if drying passes through the liquid state [18]. 
This method also gives a dried sample in a quite fast period. Samples are directly immersed in liquid 
nitrogen until the escape of gas bubbles stops. Subsequently, the samples are transferred to a vacuum 
chamber where a vacuum under 10-2 mbar is applied for 24 hours. For SEM measurements, the dried 
samples are impregnated in a high strength and extremely low viscosity resin before polishing. The 
polished samples are then coated by a thin gold layer to prevent charging during SEM examination 
MIP experiments are performed on PASCAL 140/440 porosimeter in which the pressure of mer-
cury is continuously increased up to a maximum pressure of 200 MPa. Nitrogen adsorption measure-
ments are done on a TriStar II 3020 Micromeritics. SEM measurements of samples are done using a 
JEOL JSM 6610 scanning electron microscope. Energy Dispersive X-ray analysis (EDX) is carried 
out with the aid of ESPRIT Software. All measurements are conducted on leached series S2 samples 
after 28 day exposure in NH4NO3 solution. 
4 Changes in transport properties 
After the leaching tests, the samples of series S2 are stored in tap water until permeability measure-
ments, to prevent drying of the samples and migration of calcium nitro-aluminate (a product of reac-
tion between calcium nitrate and hydrated aluminates) to the surface which can generate micro cracks 
[19]. Prior to permeability measurements, the samples are embedded in polycarbonate rings by resin 
under condition of 100 % relative humidity. Water permeability is determined using a controlled 
constant flow method as proposed in [15]. Measurements are performed on reference and leached 
samples at different immersed time in NH4NO3 solutions: 1, 2 and 8 weeks to see the effects of deg-
radation degree on permeability. Care must be taken when measuring permeability of leached sam-
ples. Due to the significant decrease in strength of leached samples, the maximum pressure applied on 
leached samples is limited to 5 bar to prevent mechanically induced cracking and the shrinkage of 
pore system under compression, while a pressure of above 10 bar can be applied on reference samples 
to reduce the testing time. 
5 Results and discussion 
5.1 Leached depth and loss of Ca  
The degraded depth linearly increases with the square root of immersed time in NH4NO3 as shown in 
Fig. 3 (left). This is one of the indicators which illustrates that leaching in ammonium nitrate solution 
is still a diffusion controlled phenomenon. A rate of 1.73 mm/day1/2 for the decalcification front 
propagation of series S2 is found which is quite similar to results reported in [14] despite a slight 
difference in w/c ratio (0.425 compared to 0.45). Series S1 has a slower degradation rate of 0.97 
mm/day1/2 due to lower w/c ratio. 
Fig. 3 Degraded depth (left) and amount of leached Ca (right) concentration over immersed 
duration of time of cement paste in 6 mol/l NH4NO3 
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Fig. 3 (right) presents the increase in Ca concentration in surrounding solution which is linearly relat-
ed to the amount of calcium leached out from cement paste result of leaching. Again, a linear relation 
of leached Ca concentration as a function of square root of time is shown. It has been seen that series 
S2 has higher degraded depth compared to series S1. However, the amount of leached calcium of 
series S2 is slightly lower than one of series S1. This can be attributed to a larger leachable calcium 
amount in series S1 compared to series S2 because of the lower w/c ratio. Therefore, even with slow-
er degradation rate, the amount of Ca in surrounding solution is still higher for series S1. 
5.2 Porosity, pore size distribution and specific surface area 
As mentioned above, pressure of the porosimeter is increased up to 200 MPa during the MIP intrusion 
process. However, mercury could not intrude into the leached sample when pressure reaches 143 
MPa, while for the reference sample the intruded volume continues increasing until the maximum 
pressure is reached as shown in Fig. 4 (left). Mercury cannot penetrate into a sample when there are 
no pores anymore or the remaining pore radii are too narrow. There are two possibilities which can 
explain this phenomenon: (i) the leached sample is compressed and all pores are clogged at a pressure 
of 144 MPa or (ii) no gel porosity because the C-S-H phase has completely dissolved. However, BET 
results are in contradiction with the second possibility (shown later). The complete dissolution of 
portlandite and partial decalcification of C-S-H can induce a strong loss of elasticity. As a result, the 
ductility of the leached material will be higher. The deformation at failure of leached samples can 
increase with a factor of 5 in tension and 2 in uniaxial compression [20]. Obviously, during the mer-
cury intrusion process, the sample is under isotropic compression. Therefore, the deformation must be 
higher than that reported in [20]. In this study, the sample was checked after finishing MIP test to 
make sure that it was not broken during the test. No broken sample was seen. 
The porosimeter interprets the mercury intruded volume due to sample compression as the occur-
rence of pores. Thus, we follow a procedure proposed in [21] to account for the deformation of the 
sample. Fig. 4 (right) presents the intrusion curves of a leached sample before and after correction of 
the compression effect. It can be seen that the pore volume is compressed by 33% which is too high to 
be disregarded. The pore size distributions obtained by MIP of the reference and leached samples are 
shown in Fig. 5 (left). It clearly shows that the critical pore size which is the most frequently occur-
ring pore size in interconnected pores shifts to larger size after leaching. Furthermore, the leached 
sample shows a bimodal distribution compared to the unimodal distribution of the reference sample. 
The larger critical pore size of leached samples results in higher transport properties of cement-based 
materials. 
Fig. 4 Intruded volume vs. applied pressure of reference and 28 day-leached samples (left); 
measurement correction taking into account of compressibility of leached sample (right) 
of series S2 
Even with compression correction, the MIP corrected results cannot be considered as the complete 
pore distribution of the tested sample because the pore volume of the sample is always higher than the 
mercury intruded volume due to pore volume compression under pressure. The difference is larger 
when the pressure increases. In the context of this study, at pressure of approximately 25 MPa (corre-
sponding to a pore diameter of 0.06 μm), the corrected and uncorrected curves start diverging more 
and more. For this reason, combining MIP and gas adsorption measurements will give a better under-
standing of the pore structure of cementitious materials, especially for leached paste. The MIP gives 
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reasonable results for pore size larger than 0.06 μm while BET provides information on the smaller 
pores. In this way, pore structure information is obtained in a broad pore size range without the com-
plicating compression effect. 
Fig. 5 (right) shows the increase in porosity of the leached sample compared to the reference 
samples as determined from the combination of MIP and BET methods. In the range of 3 nm - 100 
μm, the porosity of leached sample hugely increases up to 38% compared to 15% for the reference 
sample. Such a large porosity increase is not only due to the decalcification of portlandite but also 
(partial) C-S-H system because the maximum change in porosity obtained by completely dissolving 
portlandite is about 12.8% (unpublished modeling result). 
BET MIP 
Fig. 5 Influence of calcium leaching on PSD – (left) and increase of porosity due to leaching – 
series S2 (right) 
The surface area determined by BET method of reference and leached samples are 31.6 and 153.6 
m2/g, respectively. There is a significant increase in specific surface area of leached material. Such 
large increase is not only attributed to the dissolution of portlandite but also probably the dissolution 
of C-S-H. The gel pores of C-S-H which have higher specific surface area compared to micro/meso 
pores are easier accessible by nitrogen after leaching. 
5.3 SEM analysis 
Fig. 6 SEM backscattered electrons images of reference (top-left) and leached (top-right) sam-
ples; and porosity (in black) increase due to leaching (bottom) – series S2 
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Fig. 6 compares the microstructure of a sample with w/c ratio of 0.425 (S2) after 28 day leaching with 
a reference sample. Leaching clearly increases the pore sizes and total porosity which is in line with 
the results obtained by MIP and BET. The leaching of Ca and other leachable elements creates con-
nected pathways which can increase the percolation of the pore system and as a result, transport prop-
erties can be enhanced. There is an increased connectivity between the pores in the XY direction as 
observed in at the bottom-right of Fig. 5. 
An EDX measurement is performed along a line indicated by the red arrow in Fig 7 (top-left) to 
quantify the Ca and Si amount. Atomic Ca/Si ratio is converted from normalized mass percentage of 
Si and Ca and plotted in Fig. 7 (bottom-left). It is found that the average Ca/Si ratio is approximately 
double in the intact area compared to the degraded area. There is a sudden jump in Ca/Si ratio at 
distance of about 220 μm because of the fact that it is scanned through Ca-rich region. 
Fig. 7 (top-right) shows the spatial distribution of Ca while Fig. 7 (bottom-right) shows the com-
bined spatial distribution of four main elements (Si, Ca, Al and Fe). The intensity of the green color is 
a measure for the Ca content. The intact area clearly indicates higher amount of Ca. Other elements 
(Si, Al, Fe) seems to be equally distributed which indicates that those elements do not show signifi-
cant leaching. Micro cracking is observed in the degraded part in both SEM image (top-left) and 
mapping figure (bottom-right).  
CH 
CSH 
CH 
C 
C 
Fig. 7 SEM BE image of transient zone of leached sample: CH = portlandite, CSH = C-S-H 
phase, C = residual cement clinkers (top-left); Ca/Si ratio along the red arrow (bottom-
left); spatial distribution of Ca (right-top) and element (Si, Ca, Al, Fe) mapping generated 
by x-ray imaging – series S1, field width of 500 μm 
5.4 Change in permeability 
Permeability (expressed here as hydraulic conductivity) is significantly increased after leaching as 
shown in Table 2. After one week of NH4NO3 immersion, the hydraulic conductivity increases 6 
times, from 2.3x10-13 to 1.4x10-12 m/s. It continues increasing up to 3.2x10-12 m/s and 1.4x10-11 m/s 
after 2 week and 8 week immersion in NH4NO3, respectively. It is worth mentioning that the decalci-
fication of the sample is not uniformly with depth and thus, the permeability represents a composite 
permeability. It is not surprising that permeability increases when degraded depth proceeds further. 
However, it seems that permeability of the zone with pH larger than 9 also increases. Otherwise it is 
unlikely that the composite permeability increases so fast – 6 times after 7 day immersion with both 
sides depth of 8.2 mm over 25mm of sample thickness – because the composite permeability is still 
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dominated by the permeability of the “non-invasion” zone. Therefore, the authors assume that there 
exists a relatively thick transition zone in which permeability is increased to a value somewhere be-
tween the one of the degraded zone and that of reference sample. 
The increase in permeability of degraded material can be explained due to the larger amount of 
capillary pores (Fig. 4) which is the result of portlandite dissolution. In general, mass transport prop-
erties are mainly affected by capillary and large pores [13]. However, because of Ca removal from 
both portlandite and C-S-H, pathways are created that can increase the connectivity at all pore sizes 
(micro up to macro). Thus the authors suggest that the dissolution of C-S-H relatively contributes to 
the change in permeability during leaching. As shown in [22], when a sample in which portlandite is 
completely dissolved is immersed for 8 days more in a NH4NO3 solution, the intrinsic permeability 
slightly increases from 1.7x10-16 to 2.3x10-16 m2. Which illustrates that decalcification of C-S-H (and 
probably dissolution of other less leachable phases) can further increase the permeability. 
Table 2 Changes in permeability of cement paste with w/c of 0.425 due to leaching in for different 
immersed periods in 6 mol/l NH4NO3 
Leaching period, days 
Sample Reference 
7.2 14 57 
Permeability, m/s 2.3x10-13 1.4 x10-12 3.2 x10-12 1.4 x10-11 
 Conclusions 
In this study, a NH4NO3 solution of 6 mol/l was used to accelerate the decalcification of hardened 
cement paste samples and to examine the effect of decalcification on the microstructural alterations 
and permeability changes of leached cement-based materials. 
The results show that NH4NO3 solution is an aggressive solution accelerating significantly the 
leaching kinetics. The square-root-time law of degradation is applicable under accelerated condition 
indicating diffusive transport conditions. MIP and SEM results confirm a significant increase in po-
rosity of the leached material. A combination of MIP – nitrogen adsorption analysis is needed to 
obtain information on the pore size distribution changes because the compression effect (due to higher 
ductility of leached cement paste) is avoided. The accelerated leaching highly alters the microstruc-
ture of cement paste to a more porous material which is evidenced by the increase of specific surface 
area, total porosity and by a coarser pore size. The interconnectivity is increased because of portland-
ite and partial C-S-H decalcifications. These changes lead to a significant increase in water permea-
bility by one to two orders of magnitude depending on immersed time in NH4NO3. 
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